Nitrification in chloraminated drinking water can have a number of adverse effects on water quality, including a loss of total chlorine and ammonia-N and an increase in the concentration of heterotrophic plate count bacteria and nitrite. To understand how nitrification develops, a study was conducted to examine the factors that influence the occurrence of ammonia-oxidizing bacteria (AOB) in a chloraminated distribution system. Samples were collected over an 18-month period from a raw-water source, a conventional treatment plant effluent, and two covered, finished-water reservoirs that previously experienced nitrification episodes. Sediment and biofilm samples were collected from the interior wall surfaces of two finished-water pipelines and one of the covered reservoirs. The AOB were enumerated by a most-probable-number technique, and isolates were isolated and identified. The resistance of naturally occurring AOB to chloramines and free chlorine was also examined. The results of the monitoring program indicated that the levels of AOB, identified as members of the genus Nitrosomonas, were seasonally dependent in both source and finished waters, with the highest levels observed in the warm summer months. The concentrations of AOB in the two reservoirs, both of which have floating covers made of synthetic rubber (Hypalon; E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.), had most probable numbers that ranged from <0.2 to >300/ml and correlated significantly with temperature and levels of heterotrophic plate count bacteria. No AOB were detected in the chloraminated reservoirs when the water temperature was below 16 to 18°C. The study indicated that nitrifiers occur throughout the chloraminated distribution system. Higher concentrations of AOB were found in the reservoir and pipe sediment materials than in the pipe biofilm samples. The AOB were approximately 13 times more resistant to monochloramine than to free chlorine. After 33 min of exposure to 1.0 mg of monochloramine per liter (pH 8.2, 23°C), 99% of an AOB culture was inactivated. The amounts of this disinfectant that are currently used (1.5 mg/liter at a 3:1 ratio of chlorine to ammonia-N) may be inadequate to control the growth of these organisms in the distribution system.
Nitrification in chloraminated drinking water can have a number of adverse effects on water quality, including a loss of total chlorine and ammonia-N and an increase in the concentration of heterotrophic plate count bacteria and nitrite. To understand how nitrification develops, a study was conducted to examine the factors that influence the occurrence of ammonia-oxidizing bacteria (AOB) in a chloraminated distribution system. Samples were collected over an 18-month period from a raw-water source, a conventional treatment plant effluent, and two covered, finished-water reservoirs that previously experienced nitrification episodes. Sediment and biofilm samples were collected from the interior wall surfaces of two finished-water pipelines and one of the covered reservoirs. The AOB were enumerated by a most-probable-number technique, and isolates were isolated and identified. The resistance of naturally occurring AOB to chloramines and free chlorine was also examined. The results of the monitoring program indicated that the levels of AOB, identified as members of the genus Nitrosomonas, were seasonally dependent in both source and finished waters, with the highest levels observed in the warm summer months. The concentrations of AOB in the two reservoirs, both of which have floating covers made of synthetic rubber (Hypalon; E. I. du Pont de Nemours & Co., Inc., Wilmington, Del.), had most probable numbers that ranged from <0.2 to >300/ml and correlated significantly with temperature and levels of heterotrophic plate count bacteria. No AOB were detected in the chloraminated reservoirs when the water temperature was below 16 to 18°C. The study indicated that nitrifiers occur throughout the chloraminated distribution system. Higher concentrations of AOB were found in the reservoir and pipe sediment materials than in the pipe biofilm samples. The AOB were approximately 13 times more resistant to monochloramine than to free chlorine. After 33 min of exposure to 1.0 mg of monochloramine per liter (pH 8.2, 23°C), 99% of an AOB culture was inactivated. The amounts of this disinfectant that are currently used (1.5 mg/liter at a 3:1 ratio of chlorine to ammonia-N) may be inadequate to control the growth of these organisms in the distribution system.
Nitrification is an important microbiological process in the oxidation of ammonia in terrestrial and aquatic environments. Ammonia is converted sequentially to nitrite and nitrate by two groups of chemolithotrophic nitrifying organisms, the ammonia-oxidizing bacteria (AOB) and the nitriteoxidizing bacteria. Nitrification has been well recognized as a beneficial treatment for the removal of ammonia in municipal sewage. In addition, research at several European water treatment facilities has shown that controlled nitrification provides an effective means of removing ammonia from the raw water (16, 26) . Elimination of ammonia produces more bacteriologically stable drinking water and reduces the costs associated with additional disinfectant requirements (12) . In controlled or complete nitrification, ammonia is converted to nitrate in the filter beds, where high levels of nitrifying bacteria are allowed to grow. This growth is achieved by delaying the disinfection process until after the water has passed through the filters.
In contrast to the benefits of complete nitrification, incomplete or partial nitrification in chloraminated distribution systems can adversely affect water quality. Incomplete nitrification results in the buildup of nitrite from the growth of AOB (36) . Nitrite is problematic because it rapidly reduces free chlorine (26) , accelerates the decomposition of chloramines (32) , and can interfere with the measurement of * Corresponding author. free chlorine (18, 35) . In 1939, Larson (20) reported that incomplete nitrification in a distribution system containing 1.8 mg of monochloramine residual per liter resulted in corrosion of the pipelines, increased heterotrophic plate counts (HPCs), and anaerobic conditions. Similar effects have also been reported for other systems that use chloramines, but sufficient details have not been provided to clearly determine whether the causative agents were AOB (9, 14, 21, 28 (17, 21, 24) . The lack of information on nitrifiers in water arises, in part, from methodological difficulties in isolating and enumerating these organisms. Recovery efficiencies are typically low, incubation times of several weeks or more are required, and results may be confounded by the presence of heterotrophic bacterial contaminants (4) .
The purpose of this study was to examine the occurrence of AOB in a chloraminated distribution system. Emphasis was placed on monitoring AOB levels in two covered finished-water reservoirs in which previous nitrification episodes had occurred (36) . Secondary objectives were to identify AOB isolated from the reservoirs, assess relationships between the numbers of AOB and selected water quality parameters, and determine the resistance of these bacteria to chloramines and free chlorine. Collectively, the findings of these studies may be helpful in developing techniques for preventing nitrification in chloraminated systems.
MATERIALS AND METHODS
System description. The Metropolitan Water District of Southern California is a public, municipal agency that wholesales supplemental water through 27 member agencies (cities and water districts), serving approximately 14 million people in a 5,200-mi2 (13,200-kM2) The AOB were enumerated by a five-tube most-probablenumber (MPN) technique (1, 13, 36) . Tenfold serial dilutions of samples were placed in 2-ml cell well plates (Corning Glass Works, Corning, N.Y.) containing medium formulated by Soriano and Walker (29) . However, the medium was slightly modified by increasing the phenol red concentration to improve the sensitivity for detection of growth. The modified Soriano and Walker (MSW) medium is composed of the following ingredients per liter of distilled water:
(NH4)2SO4, 0.5 g; MgSO4 7H2O, 0.04 g; CaCl2. 2H2O, 0.04 g; KH2PO4, 0.2 g; chelated iron (Sequestrene 138 Fe;
CIBA-GEIGY Corp., Greensboro, N.C.), 0.00016 g; and phenol red, 0.002 g. The medium was adjusted to pH 8.0 with NaOH (10 N). The trays were sealed in plastic bags to prevent desiccation and incubated in the dark for 21 days at 28°C. Each cell well was tested for the presence of nitrite by adding several drops of sulfanilic acid and N,N-dimethylc-naphthylamine (23) . Wells that exhibited a red color within 1 min after addition of the reagents were scored positive for nitrite. Wells that developed a slight pink color after 1 min or that were colorless were scored negative. Controls consisting of distilled water supplemented with MSW medium were incubated under the same conditions as the water samples. Positive controls consisted of spiking selected wells with an actively growing culture of Nitrosomonas europaea ATCC 19718 (American Type Culture Collection, Rockville, Md.). Because volumes of 10, 1, and 0.1 ml were being assayed, the detection limit for AOB with this system was an MPN of 0.2/ml. The AOB values presented in this report represent the mean of duplicate MPN analyses.
Isolation and identification of AOB. Nitrite-positive cultures from Orange County and Garvey reservoir samples were enriched in MSW medium. Enrichment cultures were first spread plated onto MSW medium containing 1% agar and incubated in the dark at 28°C inside plastic bags.
Colonies that developed within the first 5 to 7 days were presumed to be heterotrophic bacterial contaminants, as ammonia oxidizers are relatively slow growers. Small, round, tan-colored colonies that developed after 7 days were selected for further analysis as potential nitrifiers. Colonies were picked from the agar with sterile 25-,ul micropipettes (Drummond Scientific Co., Broomall, Pa.) and ejected into test tubes containing 4.0 ml of sterile MSW medium with phenol red. The tube cultures were incubated in the dark at 28°C for up to 6 weeks. Cultures that turned yellow were tested for nitrite in a spot plate. Positive tubes were transferred to Erlenmeyer flasks containing 30 ml of sterile MSW medium buffered to pH 8.0 with 0.05 M N-2-hydroxyethylpiperazine-N'-2-ethanesulfonic acid (HEPES; Sigma Chemical Co., St. Louis, Mo.). After turbid growth had developed, small amounts of it were plated onto agar containing MSW medium. Colonies appearing after 7 days of incubation were transferred into tubes containing MSW medium. Cultures that tested positive for nitrite were tested for the presence of heterotrophic bacterial contaminants by adding 0.5 ml of the culture to small vials containing approximately 3.5 ml of sterile R2A broth. The absence of growth in these R2A tubes after 7 days of incubation at 28°C provided presumptive evidence of pure cultures of AOB.
Actively growing cultures of AOB were identified by light and transmission electron microscopy. Pure cultures isolated from Garvey and Orange County reservoirs were grown for 2 weeks in 250-ml Erlenmeyer flasks containing MSW medium. Cells were concentrated in a centrifuge ( Inactivation assay. A pure culture of ammonium-oxidizing bacteria, obtained through enrichment of cultures from Garvey Reservoir, was inoculated into 500 ml of either MSW medium or filter-sterilized, chlorine-neutralized tap water supplemented with 0.5 g of (NH4)2SO4 and incubated in the dark at 28°C for 3 to 5 weeks. The bacterial suspension was filtered through a 0.2-,um-pore-size polycarbonate membrane (Nuclepore Corp., Pleasanton, Calif.) to concentrate the cells and was then rinsed three times with 50 ml of sterile SM buffer to remove chlorine-demand compounds. The membrane was placed into a sterile 50-ml centrifuge tube containing 10 31.8, 19.6 , and 27.3%, respectively. The lowest AOB counts were detected in the plant effluent (routinely at an MPN of <20/ml) and reservoir influent sites (routinely at an MPN of <5/ml). The concentrations of AOB in the effluents from the covered reservoirs were comparable to those in reservoir water column sites.
The seasonal occurrence of AOB in the Weymouth plant influent and effluent between December 1985 and October 1987 is depicted in Fig. 2 . The numbers of AOB in the plant influent ranged from an MPN of <0.2/ml in the winter months to an MPN of >70/ml in the summer months of June, July, and August. The numbers of AOB entering the distribution system (plant effluent samples) were generally low, with MPNs ranging from <0.2 to 15/ml. On a few occasions in the fall of 1986 and the summer of 1987, the numbers of AOB were higher in the plant effluent than in the influent samples. The concentrations of AOB in the water columns and inlet sites for both reservoirs were also highest in the summer months and were typically below the detection limit in the winter months ( Fig. 3 and 4) . During the summer months, AOB numbers in both reservoirs were approximately 1 log1o unit higher than they were in the influents to the reservoirs. The highest concentration observed was at an MPN of 380/ml in Orange County Reservoir in August 1986 during a nitrification episode; the reservoir was temporarily removed from service and the water was chlorinated past the breakpoint. In both reservoirs, the numbers of AOB in the water column sites generally were higher in the summer of 1986 than in the summer of 1987.
Sediment samples collected from the bottom of Orange County Reservoir (reservoir sediment) and sediment and pipe wall scrapings collected from one of two finished-water pipelines also contained AOB. The Orange County Reservoir sediment had a floclike consistency and a dry weight of 1,100 mg/cm2 ( Table 2 ). The concentration of AOB in this sediment sample was at an MPN of 67/mg (dry weight). In comparison, less material was found in the finished-water pipelines. The dry weight of the pipe wall scrapings ranged from 0.0027 to 0.58 mg/cm2, whereas the pipe sediment dry weights ranged from 0.43 to 0.56 mg/cm2. The AOB levels were higher in the pipe sediment (MPNs, 10.4 to 12.1/mg) than in the pipe wall scrapings (MPNs, <0.2 to 7.4/mg). The pipe sediment was different from the reservoir sediment in that it had a sandlike texture. The R2A HPCs were typically 1 to 2 log1o units higher than the AOB levels in all sediment and pipe wall scraping samples ( Table 2) .
Relationship of AOB counts to selected water quality parameters. The means and ranges of selected water quality parameters are shown in Table 3 . Throughout the study period, there was little variability in the concentrations of total chlorine, free and total ammonia-N, and nitrite-N compared with the variability in the temperature and levels 1 56, 1990 .Am samples collected from the water column (r = 0.84) and correlations between the levels of AOB and nitrite-N, free effluent sites (r = 0.84) of Orange County Reservoir. The and total ammonia, and total chlorine were found (Table 4) . R2A HPCs correlated more with the AOB levels than did the Temperature, R2A HPCs, and nitrite-N were the factors pour plate HPCs at all sites except the Weymouth plant that were most highly correlated with AOB in the Orange influent and effluent and the Garvey Reservoir effluent County Reservoir water column site (Fig. 5A to C) . No AOB (Table 4 ). The highest HPC-AOB correlations were obwere detected in the reservoir when the water temperature served in the Orange County Reservoir water column (r = was less than 18°C. Above this value, the numbers of AOB 0.78) and effluent (r = 0.65) sites. With the exception of the generally appeared to increase in relation to temperature Orange County Reservoir site, few statistically significant (Fig. 5A ). Few AOB were observed when the numbers of R2A HPCs were less than approximately 350 CFU/ml. Above this level, the number of AOB also increased linearly in relation to HPC increments (Fig. SB) . In general, the levels of R2A HPCs in Orange County Reservoir were 100 times higher than the AOB levels. A threshold relationship existed between AOB and nitrite-N levels in Orange County Reservoir samples (water column site), whereby nitrite levels generally remained below 0.01 mg/liter until the detected numbers of AOB exceeded an MPN of approximately 10/ml (Fig. 5C ). Similar threshold relationships between AOB and temperature and between AOB and HPCs were also observed in Garvey Reservoir (Fig. 6A and B) . However, no relationship appeared to exist between AOB and nitrite in Garvey Reservoir, as AOB concentrations ranged from MPNs of <0.2 to 200/ml at nitrite concentrations of 0.005 mg/liter (Fig. 6C) . Inactivation of AOB. The results of disinfection experiments with AOB isolated from Garvey Reservoir indicated that resistance to chloramines, but not to free chlorine, was greatly dependent on antecedent growth conditions. AOB grown in chlorine-neutralized tap water and exposed to 1.0 mg of monochloramine per liter (pH 8.2, 23°C) were approximately 11 times more resistant (99% inactivation in 33 min) than AOB grown in MSW medium (99% inactivation in 3 min) (Fig. 7A and B) (6) . The MPN technique requires varied incubation times, ranging from 20 to 55 days, depending on the recovery medium that is used and the temperature of incubation. In addition, the bacteria must be incubated in the dark, as sunlight-or even ambient fluorescent light-inhibits the growth of these bacteria (2). This study used MSW medium, with incubation for 3 weeks at 28°C, as these conditions have been found to produce the most rapid growth of AOB (4, 22 indicating that these organisms were not only able to survive in the presence of 1.2 to 1.5 mg of monochloramine residual per liter but were also capable of growing in the presence of these disinfectant levels.
The elevated levels of AOB in the reservoirs undoubtedly resulted from favorable growth conditions in this environment. These bacteria grow best under conditions of mild alkalinity (pH values of 7.5 to 8.5), warm water temperatures (25 to 28°C), darkness, extended detention times, and the presence of free ammonia (34) . At times, all of these conditions occur in Garvey and Orange County reservoirs. The results of this study suggested that the most significant factor for the proliferation of AOB was temperature. AOB were detected only when the water temperature was above 16 to 18°C. Similar temperature thresholds have been observed for other aquatic bacteria, including Legionella spp. (11) . Another important factor that may have contributed to the survival of AOB in the distribution system and reservoirs was their presence in the sediment and biofilm material. These environments typically contain higher numbers of AOB, presumably because of the larger amounts of essential nutrients there (13) , and provide protection from disinfection.
Although it was not examined in this study, another factor contributing to the proliferation of AOB in the reservoirs is retention time (36) . Because AOB grow relatively slowly, an increase in the reservoir retention time would allow the organisms to proliferate, especially in the warm summer months. However, it is difficult to quantify the effect of detention time on the growth of AOB in a distribution system because detention time fluctuates dramatically in relation to downstream water demands and operational conditions. Moreover, reservoir volume and circulation efficiency may also influence AOB growth patterns.
In general, AOB The results of disinfection experiments with AOB isolated from Garvey Reservoir indicated that these bacteria were considerably more resistant to chloramines than to free chlorine, but this was dependent on antecedent growth conditions. Cells that were grown in the chlorine-neutralized tap water were approximately 11 times more resistant to monochloramine than were cells grown in MSW medium. This increase in the disinfection resistance of bacteria grown in tap water has been shown for a number of bacteria (10, 19, 37) and may be a result of biochemical changes in the cellular envelope that prevent penetration by the disinfectant. The resistance of these bacteria to chloramines was not appreciably greater than that reported for a number of other bacteria, including Escherichia coli (33, 38) . Consequently, the levels of chloramines typically used for potable water disinfection (1.0 to 2.0 mg/liter) should be sufficient to eliminate these organisms. However, the fact that AOB were found to proliferate in the chloraminated reservoirs suggests that the experimental protocol used to evaluate the disinfection resistance of AOB in our study may not have accurately reflected disinfection in the reservoirs.
Also, the AOB cells were well mixed prior to exposure to the disinfectants in our study. This exposure condition may not have accounted for in situ resistance mechanisms resulting from the association of the bacteria within the sediment matrix of the reservoirs and pipelines. Additional studies investigating the nature and sources of the sediment material and its role in providing resistance to disinfection are needed to determine effective chloramine concentrations. In contrast to the results described here, earlier work by Feben (14) showed that a strain of AOB isolated from tap water and grown on synthetic medium was 60 times more resistant than E. coli to free chlorine. However, the Feben study (14) did not measure the final chlorine residuals or wash the cells to remove nitrite and other chlorine demand compo4nds.
Another measure for controlling the growth of AOB would be to reduce the amount of free ammonia in chloraminated waters. This could be achieved by increasing the Cl2/N ratio. The Metropolitan Water District of Southern California maintains a 3:1 ratio in the distribution system. At a 1.5-mg/liter total chlorine concentration, this ratio results in approximately 0.2 mg of free ammonia per liter. The free ammonia could be completely eliminated by increasing the ratio to 5:1. The higher C12/N ratio maintained in Garvey Reservoir during the summer of 1987 may have accounted for the fact that the AOB level in the reservoir was lower in 1987 than in 1986. Further experiments in which the C12/N ratio is adjusted should be performed to determine the effects of free ammonia on the growth of AOB.
In summary, the results of this study indicate that AOB occur throughout the chloraminated distribution system, with the highest levels detected in the covered reservoirs during the warm summer months. The persistence and growth of these bacteria in the reservoirs may result from their association with sediment material in the reservoirs and biofilms in the distribution pipelines. These 
